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Introduction
Patients who undergo liver transplantation (LT) frequently suffer from acute kidney injury (AKI) after surgery, and the incidence of postoperative AKI ranges from 3.97% to 52%. Severe AKI requires postoperative renal replacement therapy (RRT). Early development of AKI results in chronically impaired kidney function, and this complication is associated with poor patient and graft outcomes [1] [2] [3] [4] . Because it takes time for the partial liver graft to sufficiently regenerate in patients who undergo living donor liver transplantation (LDLT), a hyperdynamic condition and portal hypertension subsequently develop during the early postoperative period; these may contribute to early post-transplant AKI [5, 6] .
Brain natriuretic peptide (BNP) is primarily secreted by cardiomyocytes in the ventricles under volume or pressure overload conditions [7, 8] . Serum levels of BNP are inversely associated with the glomerular filtration rate (GFR), and BNP concentrations increase in response to a decrease in GFR [9] . BNP levels are higher in patients with AKI than in those without it, and this peptide has increasingly been accepted as a predictor of AKI development [7, [10] [11] [12] . However, no studies have described the association between BNP levels and the development of AKI in the LDLT setting. Because patients with end-stage liver disease (ESLD) frequently experience early AKI after LDLT [5, 6] , identifying early predictors for post-transplant AKI is required.
We investigated the role of intraoperative serum levels of BNP in predicting the development of early AKI in patients who had undergone LDLT. In addition, we compared intraoperative changes in BNP levels between non-AKI and AKI groups, and investigated BNP levels according to AKI severity stage.
Patients and methods

Study population
The study cohort was 328 adult patients (�19 years old) scheduled for LDLT between January 2011 and December 2017 at our hospital. Only adult patients who underwent elective LDLT were included in this study. Patients who preoperatively suffered from acute or chronic kidney injury, hepatorenal syndrome, or heart disease were excluded. Heart disease was diagnosed by experienced cardiologists, and was defined as having a regional wall motion abnormality with low ejection fraction (<55%), asymmetric septal hypertrophy (septal/free wall ratio � 1:3), and/or atrial fibrillation with a rapid ventricular response (>100 beats/min) [13] [14] [15] . The perioperative data of recipients and donors were retrospectively reviewed using the hospital's electronic medical records system. This study was approved by the Institutional Review Board of our hospital Ethics Committee (KC18RESI0205), and the need for informed consent was waived due to the retrospective study design.
Perioperative patient management
Our hospital LDLT surgical technique and perioperative patient management protocol have been explained in detail [16] . Briefly, the right lobe from the donor was transplanted into the recipient using the piggyback surgical technique and the middle hepatic vein was reconstructed. After anastomoses of the hepatic vessels, patency of hepatic circulatory inflow and outflow was confirmed by transplant surgeons using Doppler ultrasonography. Intensive and balanced anesthesia management was performed by experienced anesthesiologists under invasive hemodynamic monitoring with serial laboratory measurements.
A triple-drug regimen, including tacrolimus, mycophenolate mofetil, and prednisolone, was used for immunosuppression after LDLT. Tacrolimus was administered to maintain trough levels of 7-10 ng/mL for 1 month after surgery and then gradually tapered to 5-7 ng/ mL. Prednisolone was gradually tapered over 1 month after surgery and then discontinued. The dose of mycophenolate mofetil was gradually decreased between 3 and 6 months after surgery. The interleukin-2 receptor antagonist, basiliximab, was administered on the day of surgery and on postoperative day 4.
During the first week, serum creatinine level was measured to detect the early occurrence of AKI. If liver graft function recovered appropriately, tacrolimus administration could be reduced or discontinued in patients with postoperative AKI, and the drug could be replaced by mycophenolate mofetil, prednisolone, or everolimus (mammalian target of rapamycin inhibitor) [17] .
BNP measurement
BNP levels during surgery were measured in the preanhepatic phase, immediately after inducing anesthesia; in the anhepatic phase, starting at the portal venous anastomosis; and in the neohepatic phase, starting at peritoneal closure [18] . Venous blood samples (3 mL) were extracted without stasis into evacuated test tubes (BD Vacutainer, K2 EDTA; Becton, Dickinson and Company, Franklin Lakes, NJ, USA), and BNP levels were analyzed via enzyme-linked immunosorbent assay using a Siemens ADVIA Centaur (Siemens Healthcare Diagnostic, Erlangen, Germany). The analytical process was a fully automated two-site sandwich immunoassay that used direct chemiluminescent technology. The detection range was 2-5,000 pg/mL according to the manufacturer. BNP levels were divided into high vs. low based on a cut-off value of 100 pg/mL [19, 20] .
Definition of postoperative AKI
Early AKI after LDLT was determined according to the Kidney Disease: Improving Global Outcomes (KDIGO) criteria [21] . The maximal serum levels of creatinine (sCr) were measured during the first week after surgery and compared to baseline levels before surgery. AKI was defined as follows: increase in sCr � 0.3 mg/dL (�26.5 μmol/L) by postoperative day (POD) 2 or an increase in sCr � 1.5 times the baseline by POD 7.
AKI severity was classified as follows: AKI stage 1 was a sCr level 1.5-1.9 times the baseline or an increase of �0.3 mg/dL (�26.5 μmol/L) compared to baseline; AKI stage 2 was a sCr level 2.0-2.9 times baseline, and AKI stage 3 was a sCr level 3.0 times the baseline or an increase of � 4.0 mg/dL (�353.6 μmol/L) or renal replacement therapy (RRT).
The patients were classified into a non-AKI or AKI group based on the development of postoperative AKI.
(MELD) score, hepatic decompensation, transthoracic echocardiography, and laboratory values. Preoperative donor findings included age, sex, BMI, and comorbid diseases.
Intraoperative findings included operation time; severe post-reperfusion syndrome (defined as blood pressure and/or heart rate > 30% of the anhepatic values and continuing for more than 5 min; hemodynamically instable arrhythmia, such as severe bradycardia [<40 beats/min] with irregularity; and requiring rescue vasopressors, such as an intravenous epinephrine bolus [�100 μg] or continuous infusion of norepinephrine [�0.1 μg/kg/min] during the neohepatic period) [22] ; vital sign parameters, including central venous pressure (CVP), mean pulmonary arterial pressure (MPAP), stroke volume variation (SVV), cardiac index (CI), systemic vascular resistive index (SVRI), mean blood pressure (MBP), and heart rate (HR); laboratory values; blood product transfusions; hourly fluid administration; hourly urine output; and total number of drugs administered.
Liver graft findings included total duration of ischemia, steatotic percentage, graft-recipient-weight ratio, graft to standard liver volume ratio, average portal venous flow, and the hepatic artery resistive index during POD 5.
Statistical analyses
Continuous data were compared using the Mann-Whitney U-test and are expressed as medians and interquartile ranges. 
Results
Fifty-six patients were excluded from this study because of a preoperative history of acute or chronic kidney injury (n = 15), hepatorenal syndrome (n = 5), heart disease (n = 8), emergency LDLT (n = 18), or missing laboratory variables (n = 10). Therefore, 272 patients were analyzed. The study cohort was mainly male (69.1%), the median age was 54 (49-59) years, and the median BMI was 24.3 (22.2-27.2) kg/m 2 . The etiologies for LDLT were hepatitis B (54.8%), alcoholic hepatitis (17.3%), hepatitis C (11.0%), autoimmune hepatitis (2.9%), drug and toxic hepatitis (2.2%), hepatitis A (1.8%), and cryptogenic hepatitis (9.9%). The median MELD score was 14 (7-25) points. According to the KDIGO criteria, 61 patients (22.4%) suffered from AKI immediately after LDLT. Severity by AKI stage was as follows: 28 patients in stage 1 (10.3%), 18 patients in stage 2 (6.6%), and 15 patients in stage 3 (5.5%).
Patients with AKI had a higher preoperative BMI and a greater incidence of ascites (>1 L) than those without AKI ( Table 1) . Levels of albumin and calcium in the blood were lower in the AKI group than in the non-AKI group; however, total bilirubin levels were higher in the AKI group than in the non-AKI group. No differences in preoperative donor findings were observed between the non-AKI and AKI groups (Table 1) .
Average levels of hemoglobin and platelet counts were intraoperatively lower in the AKI group than in the non-AKI group; however, the levels of BNP and potassium were higher in the AKI group (Table 2) . Patients with AKI were transfused with more packed red blood cells (PRBCs), fresh frozen plasma (FFP), or cryoprecipitate than those without AKI. Hourly urine output was lower in the AKI group. No differences in liver graft findings were detected between the groups ( Table 2) .
BNP levels in the neohepatic phase were higher in the AKI group than in the non-AKI group; however, levels in the preanhepatic and anhepatic phases were comparable between the two groups (Table 3) . BNP levels significantly decreased from the preanhepatic phase to the neohepatic phase in both groups. However, the decreases were similar between the two groups: -20 (-75 to 3) vs. -27 (-80 to 25) pg/mL in the AKI group (p = 0.856).
BNP levels increased with worsening AKI severity compared to levels in the neohepatic phase (Table 4) . Patients with AKI stage 3 had significantly higher BNP levels than the other groups. BNP levels significantly decreased from the preanhepatic phase to the neohepatic phase in patients with only AKI stage 1. Median (interquartile) changes from the preanhepatic phase to the neohepatic phase were as follows: -70 (-114 to -19) pg/mL in AKI stage 1; -27 (-66 to 47) pg/mL in AKI stage 2; and 90 (-76 to 100) pg/mL in AKI stage 3.
Based on BNP levels � 100 pg/mL, the incidence rate of elevated levels was higher in the AKI group than in the non-AKI group in the neohepatic phase (Table 5) .
After dichotomizing BNP levels at a cut-off value of 100 pg/mL, the proportions of patients with high levels were higher in the stage 3 group than in the other groups in the neohepatic phase ( Table 6 ). The proportion of patients with high levels significantly increased from the preanhepatic to the neohepatic phase in AKT stage 3.
The associations between the perioperative factors and early AKI development after LDLT are shown in Table 7 . In univariate analyses, preoperative recipient factors, intraoperative recipient factors, and donor and graft factors were potentially significant. In multivariate analyses, BNP levels in the neohepatic phase as well as the total amount of PRBC transfusion and total duration of graft ischemia were significantly associated with early AKI development after LDLT.
This model showed moderate accuracy for predicting early AKI development after LDLT (AUC = 0.69; 95% CI = 0.61-0.76; p<0.001). S1 Table shows the cut-off levels of independent factors, including BNP levels in the neohepatic phase, total amount of PRBC transfusion during surgery, and total ischemic time of liver graft, for postoperative AKI development in LDLT patients.
Discussion
In patients undergoing major surgery, elevated levels of BNP can be used to identify patients at high risk for all-cause mortality, including cardiac-origin death, and major cardiovascular events [23] . Regarding to its diagnostic accuracy for cardiac dysfunction, serum levels of BNP � 100 pg/mL are strongly and independently associated with congestive heart failure [8, 19, 20]; this level may also be associated with the clinically accepted cut-off level for high vs. low BNP levels in an LT setting. The associations between natriuretic peptides and AKI development have been investigated clinically. Cardiac biomarkers, including N-terminal pro-BNP, are strongly associated with the occurrence of AKI and are increasingly becoming a requirement for RRT in clinically ill patients without cardiac disease in the intensive care unit (ICU) [12] . In patients with complicated ST-segment elevation myocardial infarction, higher BNP levels are associated with the development and severity of AKI [24] . The association between heart failure and kidney dysfunction has been established as cardio-renal syndrome, and natriuretic peptide is considered a predictive biomarker for kidney injury [7] . Preoperative BNP levels are a strong and independent biomarker of hemodynamic strain and AKI development, and can help improve AKI risk stratification in patients at high risk for AKI before cardiac surgery [11] . However, the mechanism underlying the relation between high BNP levels and AKI development remains unclear. One potential explanation is that cardiac dysfunction, such as high right arterial pressure and low cardiac output, may impair renal blood flow and cause venous congestion in the kidney [25] . There are close associations among ventricular dilation, high venous pressure, and kidney dysfunction, such that increased venous pressure may lead to backward pressure throughout the venous circulation, including the veins of the kidney [26, 27] . This pathological condition may result in renal congestion and decrease GFR and sodium excretion [28, 29] . Such decreases in elevated venous congestion before or during cardiac surgery are considered important kidney-sparing treatment strategies, and serum levels of BNP could play a role in assessing the efficacy of perioperative attenuation of hemodynamic strain related to volume expansion or pressure overload [25, 30, 31] . In patients undergoing LT, high preoperative BNP levels are a significant predictor of patient mortality and morbidity, such as higher rates of RRT requirement [32] . In LDLT, patients with early allograft dysfunction (EAD) have higher BNP levels during surgery than those without EAD [18] . However, in our study, unlike previous studies in major surgery settings [11, 12, 32 , 33], the differences in serum levels of BNP between the non-AKI and AKI groups occurred as the surgery proceeded. Although BNP levels in the AKI group were higher than those in the non-AKI group in the preanhepatic phase, the difference was not statistically significant. In the neohepatic phase, the difference in BNP levels between the two groups was significant, and the proportion of patients with high levels (�100 pg/mL) was higher in the AKI group than in the non-AKI group. During LDLT, BNP levels decreased to a similar extent in both the non-AKI and AKI groups. However, according to AKI stage, BNP levels only significantly decreased in the AKI stage 1 group from the preanehpatic phase to the neohepatic phase. In particular, the levels of all AKI stage 3 patients increased to more than 100 pg/mL, and the proportion of patients with high levels also significantly increased through the surgical phases in that group. Therefore, our findings suggest that BNP levels are related to the Graft-recipient-weight-ratio (%) development of AKI in patients undergoing LDLT; and as the severity of AKI increases, the levels do not decrease during surgery but rather remain high until the neohepatic phase. These findings are in line with previous studies [34, 35] indicating that B-type natriuretic peptide is strongly associated with the worst stage of AKI requiring RRT, and that BNP levels show a significant gradient depending on the severity of AKI. However, we could not account for AKIrelated factors affecting the intraoperative changes in BNP levels. Further research is needed to investigate the roles of elevated BNP levels in the development of primary or secondary AKI and to determine the optimal cut-off level of BNP for AKI after LDLT. Our findings suggest that monitoring BNP levels in each surgical phase will help identify patients at high risk for the development of AKI after LDLT. In our study, PRBC transfusion was a major risk factor for AKI development in patients who had undergone LT. A previous study suggested that PRBC transfusion < 6 units is associated with a decrease in the development of AKI in LT patients [36] . In other studies [2, 3] , patients who suffered from AKI after LT were transfused with more blood products, including PRBCs, than those without AKI. The potential mechanisms for the noxious effects of PRBC transfusion on kidney function are an increased inflammatory response, reduced oxygen delivery, and aggravated tissue oxidative stress. These risk factors are affected by the volume of transfusions, the duration of preservation of the blood products, and the patient's vulnerability [37] . We found that intraoperative PRBC transfusion was independently associated with AKI development after surgery, in line with previous studies. Particularly, anemic patients are more vulnerable to the development of AKI because native red blood cells defend against oxidative injury and a PRBC transfusion aggravates oxidative stress [38] . Because patients who undergo LDLT are usually preoperatively anemic [39] , lower oxygen content immediately after graft reperfusion is associated with AKI development [16] ; thus, preoperative patient buildup to reduce anemia, such as intravenous iron supplementation [40] , and meticulous intraoperative PRBC transfusions may be required to prevent the early occurrence of AKI after surgery.
Prolonged graft ischemia duration was associated with the development of AKI after LT, which may be associated with graft ischemia-reperfusion injury [4] . One study demonstrated that warm ischemic time (WIT) is a strong and independent factor of postoperative continuing kidney impairment in patients who suffer from severe subacute kidney injury [41] . Increasing WIT is an important factor that significantly affects the development of AKI in patients who undergo LT [42, 43] . Another study suggested that an AKI group had longer duration cold and warm ischemic times than a non-AKI group, and cold and warm ischemic times were independent risk factors for AKI development in LT [1] . When a graft is damaged during a long ischemic time, this may contribute to a greater production of reactive oxygen molecules (i.e., superoxide anions, hydrogen peroxide, and hydroxyl radicals) in the graft, leading to kidney cell injury [44] . Although LDLT reportedly has a shorter graft ischemia duration than deceased donor LT [45] , our study suggests that total ischemia time was an independent factor for AKI development after surgery. Because graft ischemia duration may be a modifiable factor affected by surgical technique or graft allocation, efforts to reduce this are likely to decrease the incidence of AKI after LDLT. Many studies in an LT setting have used regional perfusion devices to reduce ischemia-reperfusion injury during graft storage and to extend graft storage duration, which have shown positive outcomes [46, 47] . Some limitations of this study should be discussed. First, sCr is the most useful marker for estimating the degree of kidney function [48, 49] . However, they are affected by nutrition, exercise, stress, age, pregnancy, and skeletal muscle mass [50] . Particularly, patients with ESLD show decreased sCr levels due to reduced Cr synthesis in the liver and skeletal muscles, and elevated tubular Cr secretion. Cr-based estimates of GFR may be less accurate for predicting AKI in patients with ESLD [51] . Second, there were small numbers of patients in each AKI stage (e.g., only 15 in the AKI stage 3 group) and thus our study was underpowered to reliably predict AKI development after LDLT. Therefore, we could not suggest optimal cut-off values for serum levels of BNP, units of PRBC transfusion, and total graft ischemic time. However, the strength of our study is suggesting that BNP levels during surgery could serve as a readily available and useful factor for identifying LDLT patients at high risk for AKI development. In addition, because this study was conducted retrospectively at a single tertiary center, some clinical variables were unavoidably missed during data collection, and confounding factors could not be excluded during data analyses. A further randomized control study would be helpful to overcome selection bias.
In conclusion, serum levels of BNP are a useful biomarker for predicting the development of early AKI in patients following LDLT. We found that, when BNP levels markedly decreased during surgery, postoperative kidney function was maintained within the normal range. However, patients with moderate AKI did not show significant decreases in BNP levels during surgery, and patients with severe AKI had continuously high levels (�100 pg/mL). Therefore, monitoring intraoperative changes in BNP levels could be helpful to identify patients at high risk for postoperative kidney injury. Further studies are required to investigate the critical factors affecting BNP levels during LDLT. In addition, careful intraoperative transfusion of PRBCs and endeavors to reduce graft ischemia duration would be helpful to maintain kidney function after LDLT. 
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